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Many next-generation technologies are limited by material performance, leading to increased in-
terest in the discovery of advanced materials using combinatorial synthesis, characterization, and
screening. Several combinatorial synthesis techniques, such as solution based methods, advanced
manufacturing, and physical vapor deposition, are currently being employed for various applications.
In particular, combinatorial magnetron sputtering is a versatile technique that provides synthesis of
high-quality thin film composition libraries. Spatially addressing the composition of these thin films
generally requires elemental quantification measurements using techniques such as energy-dispersive
X-ray spectroscopy or X-ray fluorescence spectroscopy. Since these measurements are performed
ex-situ and post-deposition, they are unable to provide real-time design of experiments, a capability
that is required for rapid synthesis of a specific composition library. By using three quartz crystal
monitors attached to a stage with translational and rotational degrees of freedom, we measure
three-dimensional deposition profiles of deposition sources whose tilt with respect to the substrate
is robotically controlled. We exhibit the utility of deposition profiles and tilt control to optimize
the deposition geometry for specific combinatorial synthesis experiments. C 2015 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4914466]
I. INTRODUCTION
Combinatorial synthesis is currently employed for rapid
discovery of materials for various applications such as
photovoltaics, solar fuels, fuel cells, magnetic materials, and
polymers.1–5 Techniques for the synthesis of combinato-
rial libraries of materials include solution based methods,6
advanced manufacturing, and physical vapor deposition.7–12
Among these techniques, combinatorial sputtering provides
an opportunity to carefully tune the properties of materials
using various parameters such as source voltage, gas pressure,
reactive gases, and deposition geometry, making this tech-
nique particularly amenable to synthesis of carefully designed,
high-quality composition libraries.
Combinatorial sputtering techniques that employ multiple
deposition sources typically produce a thin film whose
composition varies as a function of substrate position. The
use of robotically controlled deposition masks has been
successfully deployed to control deposition gradients, provid-
ing custom designed composition profiles across the library
substrate.13–15 While this deposition strategy is suitable for
certain applications, its implementation significantly lowers
synthesis throughput and requires care to ensure intimate
mixing of sequentially deposited layers. Sputter co-deposition
ensures intimate mixing of the library constituents and is very
efficient in its utilization of a large fraction of the material
sputtered from the deposition sources. For co-deposition,
a)Electronic mail: gregoire@caltech.edu
sputtering parameters such as deposition atmosphere and
source power are typically chosen to attain the desired
chemistry and deposition rate. As a result, the desired
deposition gradient from each source, and by extension the
composition variation in the deposited thin film, can be
tailored by controlling the deposition geometry. In particular,
the distance and angle between the substrate and each
deposition source strongly influence the thin film composition
library resulting from co-deposition. For the related technique
of pulsed laser deposition, establishing deposition profile
models has enabled the calculation of composition profiles
in combinatorial libraries.16
As applied to the determination of composition across
a co-sputtered library, the speed and accuracy of deposition
profiling techniques must be compared with ex-situ composi-
tion measurements of each co-sputtered thin film. Performing
a series of co-depositions and composition measurements is
a direct but costly approach for determining the deposition
geometry that yields a particular composition library. As
an alternative to experimental approaches, modelling the
composition of a co-deposited thin film may also provide
efficient design of experiments. While Monte Carlo (MC)
methods have been developed to simulate deposition profiles
from particular sputtering geometries,17 these models are
computationally expensive and rely on accurate construction
of interatomic potentials. Continuum models are much faster
and have been applied for modeling deposition profiles at a
wide range of gun-tilts, deposition powers, and shadowing
effects due to gun chimneys.18 Still, important discrepancies
from standard models can arise due to experimental subtleties
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FIG. 1. Schematic of the Kurt J. Lesker CMS-24 physical vapor deposition system: (center) external view of entire chamber, (left) inset showing a cross-section
view of the substrate platen with rotation and translation motion and a feedthrough flange onto which either the substrate platen or QCM platen can be mounted,
(right) inset showing the in-vacuum view of 6 on-axis magnetron sources and substrate platen.
such as the surface profile of the sputter target and alterations
to the magnetic field of a source due to its proximity
to other sources. The experimental mapping of deposition
profiles provides direct observation of the net result of
these complex phenomena, motivating the measurement of
deposition profiles as a function of substrate distance and
angle with respect to each deposition source. A quartz crystal
microbalance (QCM) can effectively measure the deposition
rate from a given source at a single location within the
deposition chamber, and the deposition profile of a source
can be mapped using either an array of QCMs or spatial
rastering of a QCM. One-dimensional motion of a QCM has
been used to estimate the deposition profile from a single
source in a system with fixed deposition geometry.19 In the
present work, we describe a system with robotic control of
the substrate height and tilt angles of six deposition sources.
This versatility in deposition geometry is coupled with a new,
powerful deposition profiling technique. Three radially dis-
placed QCMs are placed on a platen the same size as the
substrate. Rastering of the QCMs through the deposition
region is attained through rotation and vertical translation
of the platen, enabling automated mapping of the full three-
dimensional deposition rate profile. We demonstrate the utility
of these deposition profiles for combinatorial co-deposition
through the design of 2 ternary composition libraries: (a)
a ternary composition library with maximal composition
variation and (b) alloying of a tertiary element into a binary
composition space.
The 3-D deposition profiling technique can be used to
build a library of deposition profiles for different sources,
elemental targets, and deposition geometries, from which
deposition experiments can be designed. Given a complete
map of the deposition profiles for a set of sources, the compo-
sition map of a co-sputtered film can be calculated under the
FIG. 2. A schematic showing 28 deposition geometries corresponding to four different source tilt values (θ= 10◦, 15◦, 20◦, 25◦) and seven z values (ranging
from z= 3.5 to 12.6 cm). The source is depicted by a tilted rectangle, and the cross-section of a 100 mm-substrate is represented by a solid blue line.
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FIG. 3. Three-dimensional deposition profiles at various source tilts of 10◦, 15◦, 20◦, and 25◦. The false color scale is common to all figures and maps the
deposition rates (relative to the maximum) of Cu at 60 W DC power, 360 V DC bias, and 0.8 Pa Ar.
approximation that the sticking coefficient of each element
is the same in single-source and multi-source depositions.
Significant deviations from this approximation occur for select
combinations of co-deposited elements through resputtering
processes.20,21 During co-deposition, resputtering processes
alter the effective sticking coefficient of each element, leading
to deviations in composition from that calculated using the
measured rates of individual sources, for which corrective
models have been developed.20,21 Advances in characteriza-
tion of energetic particles in sputter deposition22 may lead
to improved models, and for the purposes of the present
manuscript, we do not employ resputtering calculations.
II. EXPERIMENTAL
A. Sputter deposition system
Figure 1 shows a schematic of the combinatorial PVD
system (Kurt J. Lesker, Clairton, PA) equipped with 6 on-axis
magnetron sources. The substrate holder assembly is equipped
with a boron nitride (BN) coated graphite serpentine filament
for high-temperature depositions, and the entire substrate
platen assembly is mounted on a motorized stage. The custom
motion and feedthrough assembly were provided by Kurt
J. Lesker, and as shown in the left inset of Figure 1, the
assembly is mounted on the chamber lid. The z-motion to
control the substrate height with respect to the deposition
sources is enabled by linear bellows. On the top flange of
the bellows, the motorized rotation is enabled by a ferrofluid
rotary feedthrough which holds a tube. The inside of this
tube remains at atmosphere and is terminated by a 6 in.
vacuum flange labelled “mounting flange” in Figure 1. The
flange that mates to the mounting flange contains the substrate
platen assembly, including electrical and liquid feedthroughs.
The substrate platen holds 100 mm substrates for thin film
deposition, and in the present work, we describe the mapping
of deposition profiles for various substrate-deposition source
geometries.
To map deposition profiles, the flange containing the
substrate platen assembly is removed and replaced by a
flange containing the crystal monitor assembly. This assembly
contains three 6 MHz Au-coated quartz crystals, each mounted
in a water-cooled Inficon SL-A crystal holder. The 3 QCMs
share a common water cooling line, and the corresponding
liquid feedthroughs, as well as the coaxial SubMiniature
version A (SMA) feedthrough for each QCM, are housed in
the feedthrough flange that mates to the mounting flange. The
crystals are coplanar with the substrate in the substrate platen
and are positioned at the equivalent substrate locations of
0 mm, 28 mm, and 45 mm from substrate center. Radius zero
corresponds to the central axis of the chamber, which is also
the substrate rotation axis. It is worth noting that interchanging
the substrate platen assembly and QCM assembly requires
substantial effort. In practical operation, a series of deposition
profiling experiments are performed with the QCM assembly,
followed by a series of thin film deposition experiments with
the substrate assembly.
Fig. 1 also shows a detailed view of the ensemble of
6 sputter deposition sources (2 in. Kurt J. Lesker Torus
magnetrons). Each source is configured with independent,
motorized tilt control so that the sputter target can be displaced
by a tilt angle θ with respect to the plane of the substrate
and QCMs. The position of the substrate and QCM plane
is measured as z, the vertical displacement from the plane
defined by the top surface of the sputter targets (when they
are at tilt θ = 0◦).
B. Deposition profile measurements
The deposition profiling measurements were performed
using a 99.95% pure Cu target (ACI Alloys) placed in a direct
FIG. 4. A plot of the dynamic range of γ as a function of θ and z obtained
from deposition profiles.
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FIG. 5. Deposition rates of Cu at 60 W DC power and 0.8 Pa Ar from three sources placed at an in-plane angle of 120◦ relative to each other. The deposition
geometry is chosen to maximize dynamic range of deposition rates (θ= 15◦ and z= 3.5 cm). The resulting compositions of the 49 measurement locations are
shown in the right-most figure, demonstrating composition variation from 8% to 82% for each element.
current (DC) powered magnetron source and operated at a
fixed power of 60 W. A base pressure of less than 6.7 × 10−6 Pa
was maintained prior to the depositions using a helium cryo-
pump. Depositions were carried out using Ar gas at 0.8 Pa.
The deposition rates at the three QCMs were measured at four
different source tilts (θ) of 10◦, 15◦, 20◦, and 25◦ from the
vertical. For each θ, measurements were acquired at 7 equally
spaced z-heights of the crystals from 3.5 cm to 12.6 cm.
FIG. 6. Plots showing the maximum value of γA/γC (a) and relative mean
total deposition rate (b) as a function of tilt angles for sources with elements
“A” and “C” (θSrc−A and θSrc−C, respectively), and z. Deposition geome-
tries with max(γA/γC) > 10 are shown. The dashed lines are added to assist
the reader in identifying the coordinates of each data point.
Further, at each θ and z, the QCM stage was rotated from
0◦ to 345◦ at an interval of 15◦, resulting in a total of 2016
deposition rate measurements that cover 28 unique geometric
relationships between the deposition source and substrate. The
substrate-source geometries for various values of θ and z are
schematically depicted in Fig. 2.
While a planar substrate has an effective acceptance angle
of 90◦ with respect to substrate normal, the acceptance angle
of the QCMs is 78◦ and could lead to some shadowing
of the incident sputter flux and off-center deposition of the
film on the crystal. We confirmed that these phenomena are
negligible for the purpose of deposition profiling by measuring
the deposition rate at the most oblique deposition geometry
and comparing it to the thickness of a film deposited in this
geometry; the results agreed within the uncertainty of the
measurement.
III. RESULTS AND DISCUSSION
The deposition rates (γ) of Cu as a function of source tilt
and x, y, z coordinates of the QCM are shown in Figure 3. With
increasing source tilt angle (θ), the deposition rate increases
over the entire x-y-z space, but the dynamic range (γmax/γmin)
of deposition rate decreases, limiting the composition gradient
that can be attained in co-deposition. Due to the orientation of
the source with respect to the substrate, the deposition profile
is symmetric about the y-axis, and the deposition gradient is
larger along the x-axis compared to the z-axis. The gradient
along the x-axis changes with both z and θ, allowing the user
to choose appropriate values of these parameters to attain the
desired deposition gradient across the substrate. The dynamic
range of γ as a function of θ and z is shown in Fig. 4
and increases with decreasing z. For a given z, the dynamic
range decreases as θ increases except at z = 3.5 cm, where
the proximity of the substrate and source shifts the tilt for
maximum dynamic range to θ = 15◦.
Deposition profiling of individual sources provides requi-
site data for calculating the compositional coverage of a co-
deposited film. For the purpose of illustrating the design of
ternary compositional libraries, we consider co-deposition
from 3 sources with elemental targets “A,” “B,” and “C.” The
three sources are placed symmetrically around the substrate
with 120◦ in-plane separation. For simplicity, we assume
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FIG. 7. Deposition rates of Cu at 60 W DC power and 0.8 Pa Ar from three sources tilted at θSrc−A= 25◦, θSrc−B = 25◦, θSrc−C = 10◦, and z= 3.5 cm. The
resulting compositions of the 49 measurement locations are shown in the right-most figure. This geometry results in a low concentration value of 2% for the
alloying element “C”.
that the deposition profile from each of the three sources is
represented by the deposition profile of Cu shown in Fig. 3.
Let us now consider a deposition designed to cover a
wide range of ternary compositions within a single thin film
library. Maximal composition coverage is obtained by maxi-
mizing the dynamic range for each of the sources. Fig. 4
shows that dynamic range is maximized at θ = 15◦ and z
= 3.5 cm; and using the 3-D deposition profiles shown in
Fig. 3, the deposition rates and ternary composition coverage
are shown in Fig. 5. Composition range of approximately
8%–82% is obtained for each element using this deposition
geometry.
As a second demonstration of designing a synthesis
experiment, consider the binary “A,” “B” composition space
in which the element “C” will be alloyed. For this purpose, it
is desired to maximize the ratios γA/γC and γB/γC to provide
a composition library that contains low concentrations of “C.”
For this application, we use the same tilt angles for sources
A and B (θSrc−A = θSrc−B), and given the 3-source setup, the
dynamic range of γA/γC and γB/γC are equivalent. In Fig. 6,
we plot the maximum value of γA/γC and the total deposition
rate of all 3 elements as a function of the free parameters of the
deposition geometry θSrc−A, θSrc−C, and z. Only deposition
geometries with a maximum value of γA/γC greater than 10
are plotted. To choose the best value among these geometry
parameters, we consider the best compositional coverage that
can be attained with a moderate to high deposition rate.
The deposition geometry with θSrc−A = 25◦, θSrc−B = 25◦,
θSrc−C = 10◦, and z = 3.5 cm provides a maximum ratio of
42:1 for γA/γC (and for γB/γC) with a deposition rate that
is 0.82 of the maximum deposition rate obtained among the
various geometries.
The deposition rates for this selected deposition geometry,
and the resulting composition coverage of the co-deposited
library, are shown in Figure 7. This deposition geometry
enables access to a composition of “C” as low as 2% over
a wide range of (“A,” “B”) pseudo-binary compositions. A
concentration as low as 2% cannot typically be accessed in
co-sputtering when all three sources are in the same geometry
due to limited ability to attain stable deposition at very low
deposition rates. The low concentration of “C” desired in the
ternary composition spread is attained by tailoring deposition
geometries and sputtering rates.
IV. SUMMARY AND CONCLUSIONS
We present a custom combinatorial sputtering system
with a new in-situ metrology employing an array of deposi-
tion rate monitors on a motorized stage. The instrument
provides automated deposition profiling over a wide range of
substrate positions and source tilt angles. These deposition
profiles enabled a unique experimental design, as demon-
strated through the optimization of deposition geometry
for 2 types of ternary composition libraries. Beyond the
experimental design, the deposition profiles provide a map
of composition across a co-sputtered thin film, enabling
measurement of composition-property relationships for high
throughput combinatorial investigations.
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